An attempt has been made to determine why iodoacetamide at certain concentrations inhibits photosynthesis but does not affect respiration if the site of inhibition of both processes is considered to be the same enzyme, namely, D-glyceraldehyde-3-phosphate dehydrogenase. Evidence is presented indicating that the site of iodoacetamide inhibition in photosynthesis is solely the photosynthetic carbon cycle since the synthesis of reducing power (adenosine triphosphate and reduced triphosphopyridine nucleotide) and the evolution of 02 is not impaired. At a concentration of 5-10~5 M, iodoacetamide is a strong inhibitor of CO, fixation by the isolated spinach chloroplast and by the reconstituted system as defined by ARNON. At this concentration glyceraldehyde-3-phosphate dehydrogenase is not affected. Phosphoribulokinase, an enzyme considered to be exclusively concerned with photosynthesis is sensitive in this range of inhibitor. It was concluded that at low concentrations of iodoacetamide, this phosphorylation is blocked thus stopping photosynthesis while at this same concentration all enzymes of respiration are unaffected. The significance of the lack of accumulation of ribulose-5-phosphate in poisoned intact cells is discussed.
The iodoacetyl radical of iodoacetic acid or of its amide are strong inhibitors of respiration and photosynthesis of the green cell. KOHN 1 found that while 10 -4 M iodoacetamide (IAA) inhibits the release of oxygen by Chlorella pyrenoidosa, the same concentration either slightly stimulates or does not affect the rate of respiration. HÖLZER 2 has recorded similar manometric data with Chlorella. He reported that the amide (7.7'10~4 M) at pH 9 inhibits photosynthesis 90 -100% while respiration was almost untouched.
A concentration of 1.5'10~4 M IAA was found to inhibit the uptake of 14 C02 by tobacco leaves 3 by 80% and by Chlorella 4 by 90 per cent. These data have been interpreted as an inhibition of glyceraldehyde-3-phosphate dehydrogenase. An inhibition of this enzyme should result in an accumulation of 3-phosphoglyceric acid (PGA). In the experiments of NEWBURGH and BURRIS 3 and STEPKA 4 , PGA did not accumulate. Using H 32 P04 ee as tracer, SI-MONIS and WEICHART 5 have found that illuminated leaves of Helodea densa incubated with 4.0'10~4 M iodoacetic acid did increase the amount of PGA when measured in per cent of the total radioactive phosphorus. In the darkened Helodea leaves, the concentration of PGA decreased with a concomitant increase in the esters of fructose and glucose. KANDLER 6 has also observed an accumulation of PGA in Chlorella poisoned cells.
The inability of IAA to inhibit menadione (2-methyl-1.4-naphthoquinone) and riboflavin-S'-phosphate linked photophosphorylation, the Hill reaction ( assumption is difficult to reconcile with the manometrie data of KOHN and HOLZER if the enzyme, triose phosphate dehydrogenase, common to both respiration and photosynthesis, is the sole site of IAA inhibition during photosynthesis. It became the purpose of this investigation to determine the sensitivity of (1) the intact spinach chloroplast and the reconstituted system (chloroplast particles plus extract of chloroplasts), (2) the enzyme of the CALVIN-BENSON 10 cycle to IAA in order to determine the discrepancy between the two processes and (3) photosynthetic reduction accompanied by 02 evolution and phosphorylation.
Materials and Methods
Whole, mature spinach plants were obtained from the store or from local farms. Only undamaged leaves were used. The leaves obtained from the various sources were washed with distilled water and placed in an ice slush for 0.5 hour. To prepare the intact chloroplasts 9 , approximately 20 grams of leaf blades were ground with sand and 25 ml. of 0.35 M NaCl containing 10 /^M of sodium ascorbate (PH 7.5). After centrifugation, the chloroplasts were washed once in the same medium. Their final suspending medium was 8 ml. of 0.35 M NaCl.
Chloroplast extract 11 was prepared by suspending once washed intact chloroplasts from 120 grams of spinach leaves in 9 ml. of 0.02 M tris (hydroxymethyl) amino methane (tris) buffer PH 7.5. After 30 minutes, the supernatant fluid was obtained by centrifuging off the chloroplast fragments at 18,000 xg for 20 minutes. Broken chloroplast fragments were prepared by suspending once washed intact chloroplasts from 40 grams of spinach leaves in 4 ml. of 0.02 M tris puffer pn 7.5. This suspension was used without further treatment.
Enzymes: In all enzyme assays, the test system was incubated 10 minutes with IAA before addition of the phosphorylated substrate.
(1) ribulose diphosphate carboxylase. An aliquot of chloroplast extract was used. The control assay system was: 5 /tM MnCl2 , 1 //M ribulose diphosphate (RuDP), 4fM tris buffer pH 8.0, 4 /uM NaH 14 COs, 0.2 ml. of enzyme in a total volume of 1.0 ml. The reaction was assayed in two ways: (1) an aliquot was plated for counts fixed after acidification and (2) by enzyme analysis for PGA with a crude rabbit muscle preparation 12 . (2) transketolase and transaldolase. An aliquot of chloroplast extract was used. The two enzymes were assayed by incubating 10 /uM ribose-5-phosphate with 0.7 ml. of chloroplast extract in a total volume of 1.0 ml. for 30 minutes at PH 7.5. The disapperance of ribose as determined with orcinol and the concomitant appearance of glucose-6-phosphate, assayed with glucose-6-phosphate dehydrogenase was taken as an indication of transketolase and transaldolase 13 .
(3) fructose-1,6-diphosphatase. The neutral and alkaline fructose-1.6-diphosphatase were prepared and assayed by the procedure of RACKER and SCHROEDER 14 . The activity of the enzymes was followed by inorganic phosphate and hexose monophosphate formation.
(4) phosphoriboisomerase. This enzyme was purified (ammonium sulfate II) from spinach leaves by the methods of HURWITZ, WEISSBACH, HORECKER and SMYR-NIOTIS 15 . The procedure of AXELROD 16 was employed for assay. Cysteine, a component of this assay, was omitted.
(5) phosphoribulokinase. The enzyme was purified (40 -50% acetone fraction) from spinach leaves according to the procedure of RACKER 17 . For enzyme assay, ribose-5-phosphate was the substrate and an excess of spinach phosphoriboisomerase was added (HURWITZ, WEISSBACH, HORECKER and SMYRNIOTIS 15 ). Tris was used as buffer in place of triethanolamine and cysteine was omitted.
(6) glyceraldehyde-3-phosphate dehydrogenase. This enzyme was prepared from once washed chloroplasts isolated in the usual procedure from 400 grams of spinach blades. After standing 20 minutes in 200 ml. of 0.02 M tris puffer PH 8.5 containing 0.001 M ethylenediamine tetraacetate, the fragmented chloroplasts were removed by centrifugation at 18,000 xg for 15 minutes. To each 100 ml. of clear, straw-colored supernatant solution, 21 grams of solid ammonium sulfate was added. After 20 minutes, the precipitate was centrifuged off at 18,000 xg for 15 minutes. To each 100 ml. of supernatant fluid, 31.5 grams of solid ammonium sulfate was added. After standing 20 minutes, the precipitate was collected by centrifuging at 18,000xg for 15 minutes. The precipitate was dissolved in 3 ml. of 0.2 M tris buffer pn 8.5 containing 0.001 M ethylenediamine tetraacetate. The enzyme, both DPN and TPN linked was assayed essentially as described by GIBBS 18 . The reactions were run in micro quartz cells with a light path of 10 mm. Readings of the control assay and IAA containing assay were made against a blank containing all reagents except DL-glyceraldehyde-3-phosphate. In all determinations recorded, 3 cuvettes were employed containing: (1) 
Results
Data not recorded for the following systems: (1) RuDP carboxylase and the neutral and alkaline fructose 1.6-diphosphatase which are insensitive to 10 -3 M IAA and (2) the conversion of ribose-5-phosphate to glucose-6-phosphate which is insensitive to IO -4 M IAA. Tables 1 and 2 reveal that a concentration of 5 -10~5 M IAA inhibits C02 fixation about 50% while twice this concentration gives rise to approximately a 70% inhibition. At these concentrations, ribose-5-phosphate isomerase (Table 4) , glyceraldehyde-3-phosphate dehydrogenase (Table 5) and photo TPN reduction together with oxygen evolution and phosphorylation (Table 6 ), are unaffected. Only the kinase of ribulose-5-phosphate (Table 3) 
Discussion
The data of Table 6 infer that the photochemical act leading to the synthesis of TPNH and adenosine triphosphate is insensitive to concentrations of IAA which completely abolish C02 fixation in the isolated and reconstituted system of the spinach chloroplast. The TPNH insensitivity confirms the observation of SAN PIETRO and LANG. Assuming that TPNH and adenosine triphosphate are the agents responsible for the reduction of C02, then the data presented in this paper strongly indicates that the site of IAA poisoning is an enzyme of the carbon cycle. Historically, the first enzyme shown to be sensitive to IAA was glyceraldehyde-3-phosphate dehydrogenase. Recently, it has been reported that the basis of their sensitivity to parachloromercuribenzoate and Af-ethylmaleimide. This paper presents evidence that these two enzymes are also inhibited by IAA.
According to most schemes involving carbohydrate metabolism in plant cells, glyceraldehyde-3-phosphate dehydrogenase is associated both with respiration and photosynthesis while phosphoribulokinase is assigned a role exclusively concerned with the carbon cycle of photosynthesis. The position of ribose-5-phosphate isomerase is not clear. If these inhibition values on isolated enzymes are extrapolated to the intact cell then the following conclusions can be made: (1) at low concentrations of IAA (1(T 4 to 10 5 M) phosphoribulokinase is inhibited blocking C02 reduction and, therefore, 02 evolution, (2) as the concentration of IAA is increased to 5 • 10~4 M and above, both processes are inhibited since at least one enzyme of each sequence is effected.
Concentrations of IAA which inhibit photosynthesis but leave respiration untouched should cause an accumulation of ribulose-5-phosphate. However, in the more recent studies, PGA has accumulated. Assuming that the phosphorylation of ribulose-5-phosphate is a necessary step in C02 reduction, it is interesting to speculate that another enzyme more sensitive to IAA is involved (See Figure 1) Wenn die Beziehung zwischen Gärungs-und Wachstumshemmung bei den Zellen, die mit aerober Gärung wachsen und über die ich kürzlich berichtet habe, richtig ist, dann muß man aus den aufgezähl-ten Gründen ein cytostatisch sonst relativ unwirksames Chinon wie das Vitamin K3 sehr viel wirksamer machen können, wenn man aus seiner reduzierten, unwirksamen Form, die immer in den Zellen entsteht, durch ein Oxydans freies Chinon erzeugt und zwar mehr freies Chinon, als es der fermentative Weg der Zelle kann. Daß dies zutrifft, zeigen die folgenden Versuche.
